Social interaction is important for survival in most social species including humans. To ensure social activities, individuals experience reward from social interaction, generating a powerfully reinforcing process. Here we hypothesized that reward from social interaction in a juvenile male rat pair may be enhanced by ghrelin, a circulating hormone that has been shown to enhance reward from other natural (e.g. food, sex) as well as artificial reinforcers (e.g. alcohol and other drugs of abuse). To this end, we assessed the impact of ghrelin and a ghrelin antagonist on preference for a chamber previously paired to the presence of a social partner in a conditioned place preference paradigm. We found that ghrelin increased and a ghrelin antagonist decreased preference for social interaction but only in the heavier partner in a social pair. In addition, we found that administered ghrelin induced a positive association between preference for social interaction and body weight difference within socially interacting pairs, where larger ghrelin treated rats preferred social interaction, and whereas smaller ghrelin treated rats avoided it, which raises the question if ghrelin could have a role in implementing social hierarchies in rats. In summary, we conclude that ghrelin signaling increases the reward from social interaction in a manner that reflects the degree of divergence in body weight between the social pair.
Introduction
The reward associated with social interaction is a powerfully reinforcing process (Trezza et al., 2011; Vanderschuren et al., 2016) that is important from an evolutionary perspective, ensuring survival and reproductive success. Remarkably, drug-addicted rats, when given a choice of drug or social interaction, choose the latter, revealing the power of social interaction reward (Kummer et al., 2011; Venniro et al., 2018; Zernig et al., 2013) . In addition, many rodent studies using behavioral paradigms measuring different aspects of reward have found that animals will either show preference for or work actively for social interacting activities, and will rapidly traverse a T-maze for the opportunity to socially interact with a conspecific (Achterberg et al., 2016a; Achterberg et al., 2016b; Calcagnetti and Schechter, 1992; Douglas et al., 2004; Ikemoto and Panksepp, 1992; Normansell and Panksepp, 1990; Panksepp et al., 1984; Van den Berg et al., 1999) . In humans, positive social interactions appear to be protective against drug abuse and are often incorporated into various treatment programs (Roozen et al., 2004) . Social withdrawal, on the other hand, is manifested across a wide range of neuropsychiatric disorders (Derntl and Habel, 2011), including eating disorders such as anorexia nervosa (Krug et al., 2013) . For disorders occurring in childhood and adolescence, such as autism, early-onset schizophrenia, attention-deficit/hyperactivity disorder (ADHD) (Alessandri, 1992; Jordan, 2003; Moller and Husby, 2000) , and eating disorders (Kaye et al., 2004) , deficits in social cognition, including social play, are a core symptom.
Social context can influence eating behavior. For example, eating alone or eating with others will have an impact on the amount of food eaten (Higgs and Thomas, 2016) . It has even been suggested that one important function of social interaction is to facilitate foraging (Mattson, 2019) . Recently, a neuronal mechanism linking social interaction with feeding behavior was proposed. Neurons that respond to social interaction were identified in the orbitofrontal cortex, and upon stimulation, these "social" neurons decreased feeding (Jennings et al., 2019) . Natural rewards such as food and social interaction also engage the mesoaccumbal dopamine reward system (Hernandez and Hoebel, 1988; Manduca et al., 2016) , providing another potential common neuronal substrate.
In the present study, we hypothesized that ghrelin, an orexigenic hormone produced by the stomach, could enhance social reward. This hypothesis is inspired by studies showing that ghrelin engages the mesoaccumbal dopamine reward pathway (Abizaid et al., 2006; Jerlhag et al., 2006; Skibicka et al., 2013) and that ghrelin signaling is required for animals to experience reward from various reinforcers, both natural, such as food (Egecioglu et al., 2010) and sex (Babaei-Balderlou and Khazali, 2016; Egecioglu et al., 2016; Hyland et al., 2018) and artificial, such as alcohol (Jerlhag et al., 2009) and cocaine (Wellman et al., 2005; Wellman et al., 2008) . Specifically, we determined whether ghrelin or a ghrelin antagonist (JMV2959) have an impact on reward from social interaction using a conditioned place preference paradigm in which animals prefer a chamber previously coupled to a social partner. Given the importance of body weight in social reward (Gil et al., 2013; Kummer et al., 2011) we also sought to determine whether any effects of these compounds on preference for social interaction are linked to differences in body weight in the social pair.
Experimental procedures

Animals
Juvenile male Sprague-Dawley rats (N=96) (Charles River Laboratories, Sulzfeld, Germany) were used throughout the study (Douglas et al., 2004) . Rats were 3-4 weeks of age when arriving at the facility, 4-5 weeks of age when first housed individually and 5-6 weeks of age at the start of the conditioned place preference testing. Rats were handled on a regular basis to reduce stress. The isolation protocol was used since it has been reported that social interaction in rats is most rewarding in juveniles and single housed rats (Yates et al., 2013) .
Body weight at the time of separation was 83-116 g. Animals were kept under standardized non-barrier conditions on a 12/12 h light/dark cycle at 20-22 °C and 50% humidity. On arrival at the animal facility, animals had ad libitum access to standard maintenance chow (2018 Teklad global 18% protein rodent diet, Envigo, Somerset, NJ, US). Water was available ad libitum. The animal procedures were approved by the local ethics committee for animal care in Gothenburg, Sweden (Göteborgs djurförsöksetiska nämnd; permit number 132-2016) and were conducted in accordance with guidelines.
Conditioned place preference (CPP)
CPP testing in rats was performed using an apparatus composed of two chambers with distinct visual and tactile qualities and separated by a guillotine door (Med Associates Inc, Fairfax, VT, USA). One chamber was white and had a smooth-surface plastic floor while the other was black and had a rugged-surface plastic floor. Time spent in each chamber was recorded using infrared beams. On the day prior to the experiment rats were injected with saline for habituation of being injected. On day 1 of the experiment, rats were injected intraperitoneally (i.p.) with saline and subsequently performed a pre-test where they were placed in the CPP apparatus and could freely explore both chambers for 20 min. The acquired chamber preference was recorded. A biased design was used, in which social interaction thereafter was paired with the least preferred chamber. On day 2-5, conditioning sessions were performed with one session in the morning and one in the afternoon (8 sessions in total) during which the rats only had access to one chamber for 20 min. In the morning session, rats were placed in an empty chamber and in the afternoon session rats were placed in the other chamber together with their assigned conspecific, or vice versa the following day. On day 6, half of the rats were injected i.p. with saline and the other half with either the ghrelin antagonist (study 1) or ghrelin (study 2) 10 minutes prior to being placed in the CPP apparatus where the experiment rats again had free access to both chambers for 20 min with no conspecific present. Time spent in each chamber was recorded and preference was calculated.
Experimental design (Ghrelin antagonist CPP study -study 1)
To investigate whether blocking of ghrelin receptor activity could suppress the rewarding effect of social interaction in rats, we performed a conditioned place preference test in which non-satiated rats that had been conditioned to social interaction with a conspecific, were injected with either ghrelin antagonist or saline.
At arrival to the facility rats (N=48) were housed 4 individuals per home cage. In each home cage, two rats were assigned to be experiment rats and two rats were assigned to be social partners. After a week of acclimatization to the facility the rats were separated and the experiment rats were housed individually (Douglas et al., 2004) . The two social partners remained together in their home cages. Prior to separation, each experiment rat had been assigned to one of the two social partners in the home cage making an experiment/social partner rat pair. The rats of these pairs were the ones that would later interact with each other in the CPP apparatus. Care was taken to minimize the weight difference between the experiment rat and the partner when assigned as a pair. However, due to only having four rats in each cage to use for weight matching, some differences in body weight within a pair still occurred after matching. Weight difference at separation was documented. After separation, experiment rats were housed individually for 1 week prior to, and during, CPP testing. CPP testing was performed over 6 days, including pre-test session on day 1, conditioning sessions on day 2-5 and a test session on day 6. The day before the pre-test session rats were i.p. injected with saline for habituation to being injected. On the day of the test session, food was taken away for 4 hours prior to the test. This short absence of food was chosen in order to align endogenous ghrelin levels across all animals without causing intense hunger (since this could impact on social behavior). Half of the rats were injected i.p. with saline and the other half with ghrelin antagonist (JMV2959; 6 mg/kg) 10 minutes prior to being placed in the CPP apparatus. The pre-test and the test sessions were 7 performed in the afternoon. After the test session 1 h food consumption was measured. JMV 2959 was discovered as a potent ghrelin receptor (GHS-R1a) ligand which chemically was based on trisubstituted 1,2,4-triazoles, and was found to act inhibitory with a IC 50 value of 32 ± 3 nM (Moulin et al., 2007) . For detailed information about the development of JMV 2959 see the excellent review from Fehrentz and colleagues (Moulin et al., 2013) . The used dose of JMV2959 was selected based on previous studies (Egecioglu et al., 2010; Skibicka et al., 2012) , including one dose response study (Jerlhag et al., 2009 ).
On the test day, one ghrelin antagonist treated rat was removed from the experiment due to complications during the injection procedure and to subsequent deviant behavior of the rat.
The sample at the test session consisted therefore of 12 rats treated with saline and 11 rats treated with ghrelin antagonist.
Experimental design (Ghrelin CPP Study -study 2)
To investigate whether ghrelin could increase the rewarding value of social interaction, we performed a CPP test in which satiated rats that had been conditioned to social interaction with a conspecific, were injected with either ghrelin or saline.
The ghrelin CPP study was performed similarly to the ghrelin antagonist study except for the following changes. The sample consisted of 12 rats treated with saline and 12 rats treated with ghrelin. On the day of the test session, rats were ad libitum fed at all times prior to the test session (contrast to 4 hour food withdrawal in study 1). Rats were injected i.p. with either saline or ghrelin (400 µg/kg; 1465, Tocris, Bristol, UK) 10 minutes prior to being placed in the CPP apparatus. The ghrelin dose was based on previous study (Skibicka et al., 2012) .
The pre-test and the test sessions were performed in the morning.
Statistical analyses
To establish that the two rat groups behaved in a similar way before they received the respective injection, the time spent in the social compartment in the pre-test was compared with an independent t-test per study.
Subsequently, the time spent in the chamber that was conditioned to social interaction in the pre-test was subtracted from the time spent in the same chamber in the post-test. This variable was called "social preference time" and served as the primary outcome variable of interest in the subsequent analyses.
Social preference time was then plotted for different injection types (ghrelin antagonist, saline in study 1; ghrelin, saline in study 2) depending on the weight difference between the experiment and the social partner rat. This suggested that the effects of injection types depended on weight difference.
Next, social preference time was analyzed with a linear regression with interaction term using the MIXED function in SPSS. Injection type (ghrelin antagonist (JMV) and saline in study 1; ghrelin and saline in study 2) served as independent variable and was modelled as a fixed effect. Weight difference served as a continuous covariate and was also modelled as a fixed effect. To determine if the effect of injection type depended on the weight difference between the experiment and the social partner rat, the interaction between injection type and weight difference was also entered into the model.
Ghrelin antagonist injection (study 1) and ghrelin injection (study 2) were treated as reference category and coded with 1, whereas saline injections were coded with -1.
Restricted maximum likelihood estimations and the Satterthwaite method were applied, the latter for estimating degrees of freedom. Semi-partial R 2 was used as indicator of effect sizes (Edwards et al., 2008) with values of 0.02, 0.13, and 0.26 representing small, medium, and large effects (Cohen, 1992) . P < 0.05 was considered significant.
The data were analysed with SPSS 25 (SPSS Inc., IBM Corporation, NY).
Results
Ghrelin antagonist suppressed social interaction induced place preference (study 1)
In the pre-test session, rats later treated with saline and ghrelin antagonist spent a comparable amount of time in the social compartment (independent samples t-test: t(15.72)=-1.30, p=0.214). Thus, in the pre-test session, all the rats behaved in a similar way.
However, following injections in the test session, the time in the social compartment changed in these two groups of rats. More specifically, the outcome of injecting a ghrelin antagonist depended on the body weight difference within a rat pair, i.e., whether the experiment rat was larger or smaller than the social partner rat. The ghrelin antagonist reduced time spent in the social compartment in the test session (reflected in negative values on the Y axis in Figure 1 ) while saline increased it, but only when the experiment rat was larger than the social partner rat (reflected in positive values on the X axis in Figure 1 ). These findings were confirmed by the linear regression analysis. Social preference time was shorter with the antagonist than the saline injection (b=313.974; SE=107.127; t(19)=2.931; p=0.009, semi-partial R 2 =0.31), but decreased even further with the antagonist when rats differed in weight (b=-20.469; SE=9.733; t(19)=-2.103; p=0.049). This means that with every gram weight difference, the social preference time following JMV injection dropped with 20 sec.
In contrast, the additional effect of weight difference in the saline group was minor (combined effect: b=24.618 SE=12.514; t(19)=1.967; p=0.064, semi-partial R 2 =0.17; but individual effect of saline injection was : b=24.618+(-20.469)=4.149). Thus, following saline injection, social preference time increased only with 4 sec for every gram weight difference.
Given an effect size of 0.17 for the combined effect of both groups, the effect of the antagonist as a function of weight difference was at least middle-sized (Cohen, 1992) .
In the one hour food consumption measurement after the test-session, we were unable to observe an effect of the ghrelin antagonist compared to saline (i.e. saline group ate 2.8±0.4 g and JMV2959 group ate 2.5±0.5 g, n=12+11, p=0.6).
Ghrelin increases place preference for social interaction (study 2)
As in the ghrelin antagonist study (study 1), the behavior of rats subsequently treated with ghrelin or saline did not differ in the pre-test session. Saline-and ghrelin-treated rats spent a comparable time in the social compartment before injection (independent samples t-test: t(22)=-0.64, p=0.532).
Again, the outcome from the CPP experiment depended on the body weight difference within a rat pair, i.e., whether the experiment rat was larger or smaller than its social partner. Ghrelin increased time spent in the social compartment (positive values on the Y axis in Figure 2 ), but only when the experiment rat was larger than the social partner rat (positive values on the X axis in Figure 2, A) . In contrast, saline injection had no effect on CPP.
Social preference time increased with increasing weight difference under ghrelin (b=33.282; SE=8.409; t(20)=3.958; p=0.001, semi-partial R 2 =0.41). Thus, with every gram weight difference, ghrelin-injected rats spent 33 sec longer in the social compartment.
In contrast, the additional effect of weight difference in the saline group was minor (combined effect: b=-30.659; SE=9.664; t(20)=-3.172; p=0.005, semi-partial R 2 =0.33; but individual effect of saline injection was: b=33.282+(-30.6599)=2.623). Thus, following saline injection, rats spent only 2 sec more in the social compartment. With an effect size of 0.33 for the combined effect of both groups, the effect of ghrelin on social time preference as a function of weight difference was large (Cohen, 1992) .
In the one hour food consumption measurement after the test-session, we were able to demonstrate an orexigenic effect of ghrelin (from 1.8±0.4 g in the saline group, to 0.7±0.2 g in the ghrelin-treated group; n=12+12; p=0.016).
Discussion
Enhancing reward from social interaction would provide much health benefit and improve quality of life in patients suffering from a variety of neuropsychiatric disorders. Here, we provide proof-of-concept in rats that reward from social interaction can be enhanced through stimulation of the ghrelin signaling system. Given the importance of body weight differences between socially interacting pairs for experiencing reward from social interaction, our study took this into account (Gil et al., 2013; Kummer et al., 2011) . We found that, in rats larger than their social partner, reward from social interaction, assessed by conditioned place preference testing, was increased by exogenous ghrelin and decreased by a ghrelin receptor antagonist. These data resonate with previous findings, showing involvement that ghrelin enhances rewards such as palatable food (Egecioglu et al., 2010) and drugs of abuse, including alcohol (Jerlhag et al., 2009 ) and cocaine (Schuette et al., 2013; Wellman et al., 2005; Wellman et al., 2008) , as well as sexual motivation (Babaei-Balderlou and Khazali, 2016; Egecioglu et al., 2016; Hyland et al., 2018) Ghrelin is not the first circulating hormone to be attributed a role in social interaction behaviours. In particular, the hormone oxytocin, has been extensively explored in many diverse contexts of social bonding and interaction, including social reward (Ramos et al., 2015; Song et al., 2016) . Vasopressin and galanin are other examples, although for all of these circulating agents, it seems more likely that their effects on social bonding behaviors are driven by central release of these hormones (Kohl et al., 2018; Ramos et al., 2015; Song et al., 2016) . Ghrelin therefore stands alone as the first circulating gut-brain signal to impact on social interaction, shown here is studies that explore, in particular, reward from social interaction.
Many rodent studies have shown that social interaction is rewarding (Trezza et al., 2011; Vanderschuren et al., 2016) . However, the magnitude of reward an animal experiences from social interaction appears to be dependent on the body weight of the animal in relation to the partner the animal interacts with (Gil et al., 2013; Kummer et al., 2011) . A body weight difference of interacting rat pairs in the range of up to twice the weight was reported to be negatively correlated with time spent in a place paired with social interaction, suggesting that the larger the interacting partner is, the less rewarding the interaction became for the smaller experiment rat (Kummer et al., 2011) . Furthermore, dominant Syrian hamsters showed a greater preference for social interaction than subordinate hamsters, where the classification of dominant vs. subordinate was based on body weight difference in addition to age (Gil et al., 2013) . In the present study, even although we did not select social pairs based on differences in body weight at outset, we found that body weight difference between the experiment rat and the interacting partner, even though small, was crucial to the outcome of the CPP for social interaction. Thus, social interaction was most rewarding for rats that were larger than their partner, and that ghrelin and ghrelin antagonist had a more pronounced effect on social interaction reward when the experiment rat was larger than the social partner (see 1A and 2A).
In our first study, we found that, for rats larger than their social partner, reward from social interaction was increased as the preference for the social chamber in the saline-treated control group increased upon social conditioning. Peripheral administration of the ghrelin receptor antagonist not only blocked this effect but also had the effect to suppress CPP for social interaction. Data from the saline treated animals are in line with previous findings showing that social interaction induces CPP in rats (Calcagnetti and Schechter, 1992; Kummer et al., 2011; Yates et al., 2013) . The novel finding of robust reverting of preference for social interaction after injection of the ghrelin receptor antagonist indicates that blockage of ghrelin signaling can completely diminish the rewarding properties of socially engaging with a conspecific in larger individuals. Our data suggest that ghrelin signaling is important for transmitting the rewarding value of social interaction, especially in larger individuals for which social interaction is highly rewarding, as the ghrelin receptor antagonist had no significant effect on reward value of social interaction in the smaller rats. The diverse effect of ghrelin antagonist on social reward of larger vs. smaller experiment rats could be explained by social rank. In general, low social rank generate less reward from social interaction than those of high rank (Gil et al., 2013; Panksepp et al., 1984) , and rank is closely related to body size (Fairbanks et al., 2004; Morgan et al., 2000) . Alternatively, it may be that the smaller rat experiences some stress when exposed to the larger companion (Keeney et al., 2001) and that this impacts ghrelin-responsiveness in our model (Abizaid, 2019 ). Yet another alternative explanation could involve aggressive behavior during social 13 interaction. In fact, central ghrelin has been found to be an important modulator in the onset of aggressive behaviors in male mice (Vestlund et al., 2019) .
When analyzing if body weight difference between the experiment rat and the interacting rat influences the preference for social interaction in the second study, we found a clear relationship in ghrelin treated rats while no relationship was observed in the saline treated rats (see Figure 2A and B) . Thus, in our study ghrelin accentuates the effects of relative weight on the reward value of social interaction. This is an intriguing and surprising result.
Since a body weight difference and social rank are closely related the question arises whether ghrelin could influence the formation of hierarchies in rats (Fairbanks et al., 2004; Morgan et al., 2000) . Hierarchies are, in addition to reproduction, an important function of food distribution within a social group of numerous species (Syme, 1974) .
In summary, we show here that ghrelin injection to the larger rat of a social rat pair increases, and ghrelin antagonist injection decreases preference for social interaction. This adds ghrelin to the limited list of circulating factors that enhance social reward. In addition, we found that administered ghrelin induced a positive correlation between preference for social interaction and body weight difference within a social pair, where the larger ghrelin treated rats preferred social interaction, and whereas smaller ghrelin treated rats avoided it.
Collectively, this indicates that ghrelin signaling can increase the rewarding value of social interaction, and raises the question as to whether the significance of social rank could be increased by ghrelin.
Legends
Figure 1. Social preference time (difference between pre-test and test session in seconds)
for a chamber conditioned to social interaction, and body weight difference (in grams) within a rat pair composed of an experiment rat and its social partner (plotted with regression line). Either JMV2959 (A) or saline (B) was injected i.p. at test session. Horizontal dotted line indicates the level of preference versus avoidance, and the vertical dotted line indicates whether the experiment rat was larger or smaller than the social partner in a rat pair. Ghrelin antagonist used; JMV2959. In A: n= 11, and in B n=12. * P<0.05. 
